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We experimentally demonstrate the generation of squeezed, bright twin beams which arise due
to competing gain and absorption, in a medium that is overall transparent. To accomplish this, we
make use of a non-degenerate four-wave mixing process in warm potassium vapor, such that one
of the twin beams experiences strong absorption. At room temperature and above, due to Doppler
broadening and smaller frequency detunings compared to other schemes, the ground state hyperfine
splittings used in the present double-Λ setup are completely overlapped. We show that despite the
resulting significant asymmetric absorption of the twin beams, quantum correlations may still be
generated. Our results in this new regime demonstrate that the simplified model of gain, followed
by loss, is insufficient to describe the amount of quantum correlation resulting from the process.
I. INTRODUCTION
Quantum theory has led to the prediction and exper-
imental realization of several novel states of light which
are unobtainable by classical theory alone [1–3]. Of par-
ticular interest are squeezed states [2, 4, 5], in which the
noise in one quadrature of the electromagnetic field can
be reduced beyond the quantum limit, i.e., shot noise,
at the expense of introducing additional noise in the or-
thogonal quadrature. The first demonstration of such a
quantum effect was by Slusher et al., with squeezed light
generated via non-degenerate four-wave mixing (4WM)
with Na atoms in an optical cavity [6]. Squeezed light
has since been demonstrated with optical parametric os-
cillators [7–9], optical fibers [10, 11] and mechanical res-
onators [12]. Two-mode squeezed states are a particular
class of squeezed light in which quantum correlations are
generated in the difference or sum of quadratures be-
tween the twin beams, often produced via parametric
down conversion in crystals [13] or 4WM in atomic va-
por [14–17]. In these systems, strong reductions in noise
between joint-quadratures have enabled demonstrations
of continuous variable entanglement [18–20]. In addition,
atomic vapors have been labeled as excellent candidates
for high-dimensional entanglement, due to their inher-
ent multi-mode nature and large gain [20]. When the
aforementioned systems are seeded with a coherent in-
put probe, the processes generate twin beams that are
quantum correlated in their relative intensities, resulting
in intensity-difference squeezing.
It is well known that quantum correlations, including
those discussed above, are susceptible to the adverse ef-
fects of decoherence through interactions with the envi-
ronment, often in the form of absorption or loss [21, 22].
For this reason, approaches based on atomic vapors have
found much success using off-resonant schemes such as
the double-Λ configuration [14]. This setup achieves
strong coherences between the atomic levels involved,
and results in negligible absorption of the twin beams.
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McCormick et al. first proposed this method, and demon-
strated 3.5 dB of relative intensity squeezing between
twin beams generated via 4WM in hot rubidium va-
por [14]. In subsequent experiments, the method pro-
duced as much as 9.2 dB of squeezing [23, 24]. We note
that these 4WM schemes often allow for a simpler imple-
mentation than parametric down conversion in nonlinear
crystals, since large values of squeezing can be obtained
without the use of a cavity, periodic poling, or waveguide
techniques. Similar results have been obtained using ce-
sium atoms [15]. These two systems share the property
that the ground state hyperfine splitting is resolved at
operating temperatures. More recently, 4WM in potas-
sium vapor was investigated on account of its enhanced
FIG. 1. Four-wave mixing in potassium vapor. (a) The pump
and probe fields overlap in the center of the vapor cell, and
the amplified probe and generated conjugate fields are de-
tected on a balanced photodetector. PBS: polarizing beam
splitter. GT: Glan-Taylor polarizer. (b) Measured absorption
spectrum of the 39K D1 line (solid line), a double-Lorentzian
model of the hyperfine states based on measurements of the
transitions using polarization spectroscopy (dashed), and the
measured gain lines for the probe (red) and conjugate (blue).
The arrows indicate the frequency detunings used in the ex-
periment. (c) Energy level diagram summarizing the four-
wave interaction.
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2χ(3) susceptibility and large intrinsic gain [25], though
squeezed light was not demonstrated. Unlike rubidium
and cesium, potassium’s hyperfine splitting ∆HFS = 462
MHz is on the order of the Doppler-broadened linewidth,
and thus all of the atomic transitions are completely over-
lapped at room temperature. Consequently, the probe
field is almost maximally absorbed. While the effect of
loss on squeezed light has been studied in the context
of off-resonant twin beam generation [23, 26, 27], it re-
mains to be elucidated whether this strong asymmetric
absorption would preclude the ability to generate quan-
tum correlation.
We demonstrate for the first time a squeezed light
source based on potassium vapor, in which one of the
twin beams is positioned at the center of a Doppler-
broadened absorption profile, where the absorption is
highly asymmetric. To achieve this, we implement a
double-Λ scheme for the D1 line of 39K, and show a 1.1
dB reduction in relative intensity noise below the shot
noise limit (SNL). Following the approach developed in
Ref. [27], we show that such strong quantum correlations
are not expected when the absorption is modeled solely
as loss associated with a beam splitter interaction that
follows an ideal gain medium. Rather, it is the competi-
tion between the gain and absorption within the medium
which leads to accurate predictions of squeezing. This
important difference permits the survival of quantum cor-
relation when appropriate operating parameters are cho-
sen, even in the presence of significant asymmetric loss
between the twin beams.
II. EXPERIMENTAL SETUP
The essence of the experimental setup is shown in
Fig. 1a. The 4WM process is pumped with 380 mW
of coherent light from a Ti:Sapph continuous-wave laser,
detuned approximately 500 MHz to the blue side of the
39K D1 line (Figs. 1b-c). The pump is collimated to
a size of 0.8 mm × 0.6 mm and then passed through
an 80 mm, anti-reflection-coated vapor cell containing
natural-abundance potassium. The vapor cell is heated
to approximately 100 ◦C, and the pump is filtered out
after the cell using a Glan-Taylor polarizer. The probe
is generated by sending a fraction of the light through
an acousto-optic modulator, double-passed and driven
at a frequency of Ω/2pi = 238 MHz. The orthogonally
polarized pump and probe (1/e2 diameter ≈ 670 µm)
beams are then combined on a polarizing beam splitter
(see Fig. 1a), and overlap in the center of the cell at a
small angle (θ ∼ 0.1◦). We note here that this angle is
smaller than in Rb and Cs-based 4WM schemes [25, 28].
As a result of the 4WM process, a conjugate beam is
generated at an angle 2θ relative to the probe, with fre-
quency ω0 +∆HFS +δ (Figs. 1b-c), where ω0 is the pump
frequency and the single photon detuning δ is controlled
by varying Ω. In Fig. 1b, we also show the measured
gain lines for the probe and conjugate, and indicate the
relevant frequency detunings of all beams relative to the
hyperfine states, as well as the Doppler-broadened ab-
sorption profile. Both the probe and conjugate beams
are spatially filtered using irises to remove any residual
pump light, and redirected to a balanced photodetector
(Thorlabs PDB450) via two D-mirrors and two lenses.
Lastly, the signals are amplified with a gain of 105 V/A
and the difference signal is analyzed on a spectrum ana-
lyzer using a resolution bandwidth of 10 kHz and a video
bandwidth of 30 Hz.
III. RESULTS
One of the main results is shown in Fig. 2. The noise
power spectrum labeled (a) displays the 4WM differ-
ence signal measured for Pa = 74 µW of probe and
Pb = 62 µW of conjugate beam powers. For this re-
sult, we have used an input power of Pin = 120 µW, and
estimate the effective probe and conjugate gains within
the medium (accounting for iris attentuation and other
optical losses with η′a,b) to be ga = Pa/(η
′
aPin) = 1.9 and
gb = Pb/(η
′
bPin) = 0.7, respectively. The difference signal
falls below the SNL (b) for frequencies between 900 kHz
and 5 MHz (roughly the bandwidth of the detector), and
reaches a minimum of 1.1 dB below the SNL at 3 MHz.
We confirmed that the laser light in (b) was shot-noise
limited by measuring the noise power as a function of
total optical power (see Fig. 3). Also, the noise powers
of the individual conjugate and probe beams, labeled (c)
and (d) in Fig. 2, are more than 5 dB above the SNL for
a single beam (i.e., 3 dB below the SNL trace shown in
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FIG. 2. Two-mode squeezing via 4WM in potassium vapor.
The noise power spectra correspond to (a) the 4WM differ-
ence signal for 74 µW of probe and 62 µW of conjugate beam
powers, (b) the shot-noise limit for 136 µW of pump light in-
cident on a 50/50 beamsplitter and the individual spectra for
(c) 62 µW of conjugate and (d) 74 µW of probe, respectively.
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FIG. 3. Measured noise power of our laser light at 3 MHz
as a function of the total optical power. The data has been
corrected for an offset due to electronic noise.
Fig. 2). Finally, as a check, we have confirmed that both
the residual pump noise (obtained by blocking the in-
put probe) and electronic dark noise are below the 4WM
signal and the SNL, with a minimum clearance of 4 dB.
We found that the best squeezing could be obtained
with the pump detuned approximately 500 MHz to the
blue side of the broadened D1 line (solid curve in Fig. 1b),
and with δ ∼ 15 MHz. In terms of the double-Λ scheme,
this situation is similar to that used previously with ru-
bidium [14] and cesium [15], with the probe frequency
lying in between the hyperfine ground states. However,
in the present case, the probe is positioned so that it
is centered on the Dopper-broadened profile and almost
maximally absorbed. The probe transmission t is calcu-
lated as the ratio of the output and input powers of the
probe with the pump blocked, taking into account opti-
cal losses after the cell. For the data shown in Fig. 2,
the probe transmission is t = 17%. Additionally, since
the measured value of t near resonance depends on the
choice of cell temperature and two photon detuning, we
were able to measure squeezing with transmissions rang-
ing from 12% to 42%. We observe that, in the case of ru-
bidium or cesium, this configuration could involve a res-
onant pump and thus additional noise which would most
likely preclude the observation of any degree of squeez-
ing [23, 27].
We now turn to investigating the ramifications of the
strong absorption of the probe beam, as this is an impor-
tant difference between the present scheme and previous
double-Λ experiments. Intuitively, one might expect this
asymmetric absorption to severely reduce, if not com-
pletely destroy, quantum correlations in the two-mode
state. This is often understood through means of a sim-
ple beamsplitter interaction, in which a fraction of the
light is lost through one port to the environment and vac-
uum is injected into the other port [22]. In this model,
beamsplitters are placed in both the probe and conjugate
paths, and losses are introduced via detection efficiencies
ηa and ηb, respectively. In the present case where absorp-
tion only occurs on the probe beam, the probe transmis-
sion is given by t = ηa/ηb and the predicted squeezing in
the beamsplitter (BS) model is
SBS = 1 + ηb
2(g − 1) (g(t− 1)2 − 1)
g(t+ 1)− 1 (1)
where g is the intrinsic 4WM gain. In this model,
the squeezing scales much less favorably for asymmet-
ric losses (i.e., t 6= 1), than if the losses were symmetric
(or balanced) [29]. However, as the loss occurs within the
medium itself, a competition between gain and absorp-
tion occurs, resulting in a different scaling of the squeez-
ing parameter, as shown in the theoretical and experi-
mental work of Refs. [23, 27]. In this model of distributed
gain and loss (DGL), the expression for squeezing given
a probe transmission t and balanced detection efficiency
η is ultimately more complicated than Eq. 1, but can be
summarily expressed as
SDGL = 1− ηS˜4WM + η
√
tS˜vac (2)
where S˜4WM accounts for correlations which reduce the
noise below the SNL, and S˜vac introduces additional vac-
uum noise. The analytical expressions for S˜4WM and S˜vac
are given in Ref. [27], and only depend on g and t when
the conjugate absorption by the atoms is negligible.
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FIG. 4. Measured squeezing compared to the two theoretical
models described in the text (DGL, dashed lines, and BS,
dashed-dotted lines). Data is shown for various levels of gain
and measured probe transmissions of t = 0.15 (blue squares)
and t = 0.4 (red circles), where each data point corresponds to
the measured noise power at 3 MHz relative to the SNL. Also
shown are the predicted values of squeezing for transmissions
of 15% (blue) and 40% (red) using the two theoretical models.
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FIG. 5. Anti-correlated fluctuations in the probe and conjugate intensities measured over a time scale of twenty seconds. In
this mesurement, the experimental parameters are the same as those which lead to the squeezing data shown in Fig. 2.
In Fig. 4, we show the measured squeezing at vari-
ous levels of intrinsic gain g = gb + 1 for two different
regimes of probe transmission: t = 0.15 (blue squares)
and t = 0.4 (red circles). We have also included calcu-
lations of the predicted squeezing for these two regimes,
using both the BS model of Eq. 1 (dashed-dotted) and
the DGL model of Eq. 2 (dashed). In the experiment,
the combination of optical and detection losses leads to
an overall detection efficiency of η = 0.5. Because of
this, we take ηb = 0.5 and η = 0.5 in the two mod-
els, BS and DGL, respectively. Importantly, we see that
squeezing is not expected for gains ≥ 1.4 when the probe
transmission is t = 0.15 in the BS model (blue dash-
dotted curve). Rather, due to the asymmetric losses, the
BS model predicts excess noise in this regime. On the
other hand, there is good qualitative agreement between
the experiment and the DGL model in this case, with
both showing quantum correlation between the resultant
beams. This agreement is noteworthy given that effects
other than those considered in the model are expected to
become important due to Doppler broadening. Also, it
should be pointed out that the irises used in mode selec-
tion [20] attenuate some of the light, likely resulting in
additional discrepancy.
IV. DISCUSSION AND OUTLOOK
The Heisenberg uncertainty principle does not place a
constraint on the maximum attainable value of squeez-
ing. In the presence of balanced detection loss (1 − η),
however, the squeezing is limited to 10 × log10(1 − η).
With unbalanced losses, the maximum achievable squeez-
ing occurs for a particular, optimal value of intrinsic gain.
This is evident in the minima of the theoretical curves
shown in Fig. 4. In the DGL model, the optimal gains
for our two experimental scenarios are 2 and 3.8, respec-
tively. The dependence of the optimal gain on the probe
transmission offers an explanation as to why, in Fig. 4,
the probe transmission differs by more than a factor of
two and yet there is not an appreciable change in squeez-
ing. In general, the optimal gain increases with increasing
probe transmission. Experimentally, however, the avail-
able gain is limited by the maximum available pump in-
tensity, as well as excess noise introduced at higher vapor
cell temperatures. Under completely ideal circumstances
(i.e., optimal gain and η = 1), our calculations suggest
that the attainable squeezing would be 3.4 dB and 6.4 dB
for probe transmissions of 15% and 40%, respectively.
An interesting corollary which is inherent to this sys-
tem is that quantum correlation can be present even
when the medium is effectively transparent. This was
demonstrated in Refs. [27, 30], with the loss occuring
within the medium itself due to absorption in the former
experiment, and by introducing loss after the 4WM pro-
cess in the latter. In this sense, the overall gain is equal
to one, as the total input probe power equals the sum of
the probe and conjugate output powers after the added
loss. In our experiment, we have observed −0.84 ± 0.16
dB of squeezing when the normalized powers of the probe
and conjugate beams are 0.56± 0.05 and 0.47± 0.04, re-
spectively, giving an overall gain of 1.03±0.06 (all errors
are one standard deviation throughout this manuscript).
As we have shown that the beamsplitter-only loss model
is insufficient in predicting the observable squeezing val-
ues when the 4WM medium exhibits strong absorption
on one of the beams, in this regime we believe that com-
peting gain/loss plays an important role in generating
squeezed beams in an overall transparent medium.
Lastly, due to dispersive effects within the medium, a
time delay exists between the output probe and conju-
gate beams which depends on various parameters of the
4WM process [31, 32]. This delay gives rise to a fre-
quency dependence in the squeezing spectrum, typically
limiting the maximum frequency at which squeezing is
observed. In our experiments, this frequency is above
the bandwidth of the detector. Additionally, we observe
a somewhat related effect, in which the nature of the cor-
relation is also found to be frequency dependent. While
fluctuations in the 4WM signal are correlated at high
frequencies (≥ 900 kHz) and lead to squeezing, we find
that the intensity fluctuations at low frequencies (≤ 1
5Hz) are anti-correlated (see Fig. 5). We suspect that the
dispersive nature of the probe leads to a frequency de-
pendence of the squeezing angle, in a manner similar to
that described in Refs. [33–35], resulting in a rotation
of the squeezing ellipse with frequency. In future work,
phase-sensitive measurements of the probe and conju-
gate modes could help to clarify this phenomenon, as
well as characterize all joint-quadrature information in
the present bright twin-beam case.
V. CONCLUSION
In this work, we have experimentally investigated the
behavior of quantum-correlated twin beams in a new
regime, that in which strong absorption plays a signif-
icant role. Our results indicate that a competition be-
tween gain and absorption exists within the medium, act-
ing to reduce the deleterious nature of loss and thus im-
prove quantum correlations. Despite a measured probe
transmission of only 17% and a detection efficiency of
η = 0.5, we have measured a reduction in noise of
1.10 ± 0.27 dB below the SNL. Intrinsically, this con-
figuration leads to such strong attenuation of the probe
beam that we are able to demonstrate quantum corre-
lations even when the medium has become effectively
transparent, rendering the medium a quantum beam-
splitter for photons as discussed in Ref. [30]. In addition
to broadening our understanding of dissipative quantum
optics, these results may be relevant for the engineering
of quantum-correlated states in other configurations with
strong absorption. Also, as this is the first demonsta-
tion of squeezing using potassium vapor, the results open
up the possibility of interfacing squeezed light with cold
atom experiments involving potassium, although signifi-
cant effort to lower the frequency of obtained squeezing
would likely be necessary, in order to achieve reasonable
interaction times. Finally, they could also provide en-
hancements in precision measurement when detection is
performed near the potassium D1 line.
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